The current trend of shrinking line width patterns in semiconductor devices, well beyond the 0.25 micrometer barrier, will require new breakthroughs in both lithography processing and resist materials by the end of the decade. Scanning probe microscopy (SPM) offers one potential prospect for bridging the micrometer to nanometer line width barrier. The ultimate in lithography processing, the manipulation of individual atoms, has already been clearly demonstrated using SPM. New resists, such as self assembled monolayer (SAM) films, will also be needed for nanometer-scale fabrication. Recent progress using SPM as a nanolithography tool is reviewed and its prospect as a viable alternative will be discussed.
Introduction
The miniaturization of fabricated patterns has always been of great technological motivation and interest, especially in the semiconductor industry. At present, the narrowest line width patterns used in commercial device processing is approx. 0.25 µm with future generation of devices rapidly approaching line width patterns of 0.15 µm. With current optical lithography techniques nearing the optical diffraction limit (J2), further miniaturization will require using shorter wavelengths (e.g., deep
UV or x-ray) or developing all together new lithography techniques. One technique which has attracted much attention recently is the development of scanning probe microscopy (5PM), such as scanning tunneling microscopy (STM) and atomic force microscopy (AFM), as a tool for lithography.
One of the most appealing aspects about using the STM has been the demonstration of the manipulation of individual atoms. [ 1 ] This can be considered as the ultimate in lithography resolution whereby individual atoms can be built up or removed to form a desired pattern. However most STM lithography research reported in the literature range from a few nanometers up to several hundred nanometer. [2] In this paper, we summarize some of the SPM lithography techniques that we have utilized from previous experiments and provide some prospective for future directions in this field.
2. E-beam exposure using AFM Despite the numerous merits of STM, one of the disadvantages is the inability of the STM to operate on insulating surfaces under tunneling conditions. Insulating polymer resists, such as polymethylmethacrylate (PMMA), are currently used extensively as lithographic masks and similar types of material will probably continue to be used in the near future. The STM can be used to expose polymer resist films while operating under field-emission conditions. [3] Although the field-emission technique is successful, there remains two inherent obstacles. First, there is no control on the force between the STM tip and resist film. Surface irregularities or slight variation in the film thickness can result in the tip penetrating into the film thereby damaging it. Second, upon inspection of the surface in a field-emission mode, it is possible to chemically modify the film which makes it undesirable for preferential exposure. In order to circumvent these problems, electron beam exposure using a metalized AFM cantilever was developed. [4] The basis for the AFM advantages is as follows. In STM, the feedback mechanism used to maintain a constant tip/sample distance is directly coupled with the current (dosage) (i.e., i «exp(-d)).
However in AFM, the principle for maintaining tip/sample distance depends only on the interacting forces between the tip and sample which is completely independent from any current or applied
voltage. This decoupling enables the AFM to provide complete control over the amount of exposure to the resist while simultaneously maintaining control over the amount of force applied by the AFM tip to the surface. Several groups have also successfully followed our initial results of metalizing an AFM cantilever to produced oxide resists on a H-passivated Si(100) surfaces [5] and to fabricate patterns in a MOS device [6] based upon an electric field enhanced oxidation process. [7] As an initial test, we started with commercially available Si3N4 cantilevers and coated them with 150-200 nm thick Au film. A thin layer of Cr was sputtered onto the cantilevers to help improve the adhesion between the Au and Si3N4. [8] The photoresist used in this study was polymethyl- mC/cm2, which is well above the require dosage of 100 pC/cm2.
With the same experimental set up, a negative resist can be formed as well. We have observed that the film can be cross-linked under higher bias conditions as shown in Fig. 2 . In this case, a bias voltage of -18 V was applied between the metalized cantilever and substrate. The cross sectional profile shows, that after development, the unexposed portion of the resist can be completely removed as indicated by the 20 nm height difference between the exposed and unexposed region. Similar observations have been observed previously with the STM operated in field-emission mode. [9] The line width pattern tends to be slightly wider than that observed in the positive resist and probably results from the higher energy electrons used to make the exposure.
In both of the exposure techniques, we checked if any mechanical damage to the resist occurred from scanning the surface during exposure. By rescanning the exposed region with the bias voltage set to zero and operating with an applied force of 10-20 nN, no mechanical damage was apparent.
However, forced-controlled mechanical modification is another form of SPM lithography as will for 30 s is used to electropolymerize the deposited layer. In this image, the feedback circuit is turned off and the force applied to the surface gradually becomes larger while the AFM probe scans the surface from the top to the bottom part of the image. At the top portion of the image, the force is suitable for imaging the polymer surface. This is schematically illustrated in Fig. 4a . However, as the probed continues to scan downward, the applied force increases gradually and eventually modifies the surface.
The onset of the modification is seen as the numerous lines starting near the center of the image as a result of the AFM probe pushing the polymers along the surface. When the AFM probe can no longer push the polymers, the probe goes over the top of the piled polymers and the process repeats again as the probe pushes new materials along the surface (Fig. 4b) . As the AFM probe continues to scan toward the bottom of the image, the force continues to increase as illustrated by the fewer number of lines formed (i.e., more material is moved by the probe, Fig. 4c ). A comparison of the cross-sectional profiles ( Fig. 3 ) taken near the middle and bottom of the image reveals more material is moved to form the lined patterns near the bottom of the image and hence indicates an increase in the force. It should be mentioned that methodology of moving the polymers occurs most easily for thin films and eventually becoming unobservable for thicker coverage. Moreover, weak adhesion between the polymerized film and underlying substrate is advantageous for quickly moving material with the AFM.
As an alternative technique, we can also fabricate nanometer-scale features into the PMeP surface during the electropolymerization process. Figure 5 shows two boxes "written" with the AFM by repeatedly scanning the same area. The dark features scattered across the surface are presumably Fig. 4 Schematic diagram,illustrating the polymerpauern forn ed with the AFM. a) With a suitable applied force, the AFM probe can image the surface of the polymer film without any physical damage. b) With a slightly larger force (indicated by the larger vertical arrow), the AFM tip will penetrate the polymer film and push the material along the substrate. When the AFM probe can no longer push the polymer along the surface, the AFM probe will go over the top of the piled polymer and repeat the process over again. c) With an even larger applied force, more material can be moved and thus producing behind fewer, but larger, lines. pinholes produced during film formation. One potential application of this technique would be to fabricate metal line patterns in the regions exposed with the AFM probe. For instance, the electropolymerized polymer film can be made insulating through electrochemical reduction and then a metal plating solution can be introduced for selective depostion of the exposed regions.
Self-Assembled Monolayer Films as a SPM Resist Material
As evident in the previous section, an inherent problem in making a resist film either by electrodeposition or spin coating is the formation of pinholes in the resist. As line width dimensions become smaller, it becomes necessary for the resist material to become thinner. As the resists becomes thinner, the problem of pinholes in the film becomes more of a critical issue. One promising technique for providing a resist, which is essentially defect-free, is the process of self assembly of organic molecules. In this technique, one end of an organic molecule is designed specifically to bind directly with the substrate surface via a chemisorption process. Since this process is close to or at its thermodynamical minimum, this creates a system in which the molecules will organize themselves in a self limiting manner to form a monolayer film with very few defects; hence the terminology of selfassembled monolayer (SAM) film. Moreover, a damage film can be self-repairing if placed back in the appropriate solution. Another advantage of SAM is the ease of preparation and inexpensive cost of making films. A variety of materials (e.g., metals {Ag, Au, Cu, and Pt), oxides {A12O3 and SiO2 } and semiconductors (GaAs and Si)) has been used as substrates for SAM film formation.
As mentioned in Section 2, one of the disadvantages of using STM as a conventional resist material is the non-uniformity in the polymeric resist film. On the contrary, SAM films are by nature uniform since only one or a predetermined number of layers will form at the surface. In the case of a single monolayer film, the molecule is small enough to allow for electron tunneling while still not physically damaging the film. Of course, a much higher bias or current needs to be applied between the tip and sample in order to perform any lithography. Figure 6 shows an STM image of a SAM film on a GaAs(110) surface after being modified with a voltage pulse. [ 12] The SAM film was prepared by cleaving in-situ a GaAs(100) wafer in an ethanolic solution containing the SAM molecule (octadecanethiol, ODT). [ 13] The dark hole near the center of the image corresponds where the tip bias of 6 V was applied for 0.5 ms at a gap resistance of 15 G i The resulting hole corresponds to the removal of the organic molecules in this region. The approximate diameter of the hole is around 20 nm. Several other groups have used SAM films both as conventional a-beam and STM-type resist. [ 14] 5. Future Prospects and Directions
One of the main driving forces in determining the viability of fabricating any device related product is the speed or throughput of manufacturing. Even though SPM-related techniques can clearly pattern smaller line width features than any other existing technique, the inability to operate at high speeds over wafer size dimensions will limit its role as an on-line fabrication tool. Conventional electron-beam lithography (EBL) provides a comparative example. Although EBL has been in use for several decades, optical steppers are still the workhorse for lithography done in semiconductor manufacturing. This is not to say that SPM has no future in device-related processing. One of the future directions for SPM-related technology is the development of faster systems. Quate and co-workers have shown that multiple AFM cantilevers can be microfabricated and operated simultaneously to form patterned features. [ 15] Operating an array of AFM cantilevers in parallel offers one method to drastically increase fabrication speed. Marrian et al. [ 16] have estimated that an array of 1000 STM tips can write a mask having a minimum feature of 30 nm over a 4 cm2 area with a 50% fill factor within 5 h. This speed is comparable to current microfabrication technology.
Another important direction that needs to be pursued in order for SPM technology to be viable is the area of resist material. Up to now, the resist materials used SPM lithography research are designed particularly for electron beam or photolithography. Resists that are tailored for SPM specifications will improve the performance such as patterning speed and resolution contrast. For instance, amorphous silicon may provide one sort of SPM resist film. [6, 14] The field of self assembly should provide one means to help place specifically designed molecules to work as a resist material.
[ 17] Morevover, self-assembly may prove benificial in other areas of device processing such as passivation. Although many challenges still remain, SPM-based lithography may provide the key to help break the nanometer-scale line width barrier.
